Eight new field isolates of Cydia pomonella granulovirus (CpGV) originating in Iran and Georgia and one English CpGV isolate were analysed for restriction fragment length polymorphisms (RFLPs) and by partial genome amplification and sequencing. According to the observed RFLPs, most of the predominant genotypes of these isolates could be assigned to those present in previously found isolates originating from Mexico (CpGV-M), England (CpGV-E) and Russia (CpGV-R). We suggest that these isolates should be designated genome A, B and C types, respectively. A fourth genome type was identified in three isolates and is designated D type. The isolates with A, B and D type genomes contained four open reading frames (ORFs) (ORF63-ORF66) not present in C type genomes. The lack of these ORFs in other granuloviruses suggests that the C type genome is evolutionarily ancestral to the other genome types. The B and D type genomes contained an additional insertion of a non-protein coding region of 0.7 kb, which was at different genome locations. Analysis of the partial gene sequences of late expression factor 8 (lef-8), lef-9 and polyhedrin/granulin (polh/gran) genes revealed single nucleotide polymorphisms (SNPs) that corresponded to the RFLP types. Phylogenetic analyses based on these SNPs corroborated the proposed ancestry of the C type genome. C type viruses were also less virulent to neonate codling moth larvae than the other virus types. In conclusion, the known diversity of CpGV isolates can be described by four major genome types, which appear to exist in different isolates as genotype mixtures.
INTRODUCTION
Cydia pomonella granulovirus (CpGV) is the type species of the genus Betabaculovirus (previously Granulovirus) of the family Baculoviridae (Jehle et al., 2006) . It is highly pathogenic for the codling moth, Cydia pomonella, and is commercially applied as a biocontrol agent of this pest insect (Crook et al., 1997; Huber, 1998) . CpGV is the only member of the betabaculoviruses whose replication has been studied in detail in vivo and in vitro (Winstanley & Crook, 1993; Hilton & Winstanley, 2007) . Recently its genome has been genetically manipulated to generate a bacmid (Hilton et al., 2008) .
The known biodiversity of this virus is so far characterized by three isolates. Isolate CpGV-M was first discovered in Mexico in 1963 (Tanada, 1964) and is the active agent of all registered biocontrol agents based on CpGV. In 1974, a second isolate, CpGV-R, was obtained from a fieldcollected larva in Russia (Harvey & Volkman, 1983) . A third isolate, termed CpGV-E, was obtained in England from diseased larvae in a laboratory stock of C. pomonella at the University of Reading (Crook et al., 1985) . As demonstrated by in vivo cloning, these isolates were mixtures of different genotypes (Winstanley & Crook, As CpGV is the best studied granulovirus (GV) and also serves as a model for other GVs, we were interested in characterizing its diversity and the genome structure of different isolates in order to understand the mechanisms contributing to their genetic diversity. In this study, we selected six field isolates of CpGV recently found in Iran, two isolates obtained from Georgia and an in vivo cloned genotype of CpGV-E that was previously shown to differ slightly from the CpGV-M1 profile (Crook et al., 1985; Rezapanah et al., 2008) . By mapping, cloning and sequencing of the main genomic differences of these isolates, and by phylogenetic analyses of conserved genes, the diversity and evolution of CpGV genomes were elucidated.
METHODS
Virus isolates. Six CpGV isolates originating from different geographical locations in Iran, designated I01, I07, I08, I12, I66 and I68, were used (Rezapanah et al., 2008) . Two CpGV isolates from Georgia (G01 and G02) were provided by T. A. Chkhubianishvili (University of Tiflis, Georgia). CpGV-M1 (Crook et al., 1997) and the in vivo cloned CpGV-E2 isolate were provided by Dr D. Winstanley (University of Warwick, UK).
Virus propagation and DNA isolation. Fourth or early fifth instar larvae of C. pomonella were used to propagate the nine isolates separately. The purification of occlusion bodies (OBs) from infected larvae and DNA extraction from OBs were performed as described by Arends & Jehle (2002) . Enumeration of viral OBs was performed at 640 magnification using a Petroff-Hauser counting chamber (0.01 mm depth) and dark field optics of a light microscope (Leica DMRBE).
Restriction endonuclease analysis and mapping. DNA was digested for 2 h at 37 uC with EcoRI, BamHI, PstI and XhoI (Roche or Axon) using the specific assay buffers given by the suppliers. The digested DNA samples were electrophoresed in 0.7 % agarose gels (16 TAE buffer) at 30 V for 16 h and stained with ethidium bromide. The molecular masses of CpGV fragments were estimated by using a plot of molecular masses versus migration distance, using different DNA fragment size standards. The nine isolates under investigation were mapped with the tested restriction enzymes using the physical map of CpGV-M1 (Crook et al., 1997) as a reference.
PCR amplification and sequencing of selected marker genes.
The partial sequences of the late expression factor 8 (lef-8), late expression factor 9 (lef-9) and polyhedrin/granulin (polh/gran) genes were amplified using the degenerate primer method described by Lange et al. (2004) and Jehle et al. (2006) . PCR products used for direct sequencing were purified using the GFX PCR DNA and Gel Band Purification kit (Amersham) and both DNA strands were sequenced using M13 universal, M13 reverse and T7 standard primers (MWG).
Cloning and sequencing of the major genetic differences.
According to the physical map of all isolates, the 18-20 kb area was amplified by PCR from DNA of isolate I01 using the primers pr18-20_for (59-ACCCTTATATTCCTACTCTTCTCT-39) and pr18-20_rev (59-TGTCCTTGGCTAGCTTATCTTA-39). The 52-54 kb area was amplified from DNA of isolate I68 using the primers pr50.8-54.8_for (59-TCCCATTACAAAACCAAAACAACA-39) and pr50. . The PCR products that were obtained were directly ligated into the pGEM-T Easy Vector (Promega) without previous purification. For cloning in Escherichia coli (strain DH5a), standard techniques were used. Plasmid DNA was isolated by Miniprep kit (Qiagen). Screening for positive clones was performed by restriction analysis using EcoRI. DNA sequencing of both strands was performed (Genterprise Genomics, Mainz, Germany) using T7 and SP6 standard primers. The sequences were deposited in GenBank under the accession numbers EU370251 and EU370252. To identify the CpGV-E2 insertion site, the region between 18 and 26 kb was amplified in fragments of 4 kb (Supplementary Table S1 , available in JGV Online). Primers were designed according to the sequence of CpGV-M1, using the PrimerSelect 5.0 software implemented in DNASTAR (Lasergene). The genome area predicted to harbour the insertion site was sequenced (Genterprise Genomics) and the resulting sequence was deposited in GenBank under the accession number EU428826.
Phylogenetic analyses. Partial polh/gran and lef-8 sequences determined for all isolates were concatenated and aligned with the corresponding sequences of Cryptophlebia leucotreta GV (CrleGV) (Lange & Jehle, 2003) as an outgroup using CLUSTAL W (Thompson et al., 1994) implemented in BioEdit 7.0.5.3 (Hall, 1999) . A phylogenetic analysis using minimum-evolution and maximum-parsimony algorithms was performed using MEGA 3.1 (Tamura et al., 2007) .
Insect rearing and bioassay studies. C. pomonella larvae used for bioassays were derived from insect rearing at the Agricultural Service Center Palatinate (DLR Rheinpfalz), Neustadt/Weinstraße. Insects and eggs were incubated at 26 uC, 60 % relative humidity and a 16 : 8 h light/dark photoperiod.
Infection experiments of freshly hatched C. pomonella larvae were performed using 35 individually held larvae on an artificial diet (Ivaldi-Sender, 1974 ) mixed with virus suspensions of each isolate at a concentration of 2000 OB ml 21 . Each bioassay was repeated three times independently from the other replicates; CpGV-M1 was included as a positive control. Mortality was corrected for mortality of an untreated control using Abbott's formula (Abbott, 1925) . Control mortality ranged between 7 and 29 %. Mortality was scored on the first day following the experimental setup, to exclude from the experiment those larvae which died from handling, and on day seven. Larvae which did not react to tactile stimuli were regarded as dead.
RESULTS

Restriction fragment length polymorphisms (RFLPs)
The nine CpGV isolates that were analysed showed differences in their restriction profiles after digestion with PstI, EcoRI, XhoI and BamHI (Table 1 and Supplementary Figs S1 and S2, available in JGV Online). The genetic differences between the isolates were determined according to the map of CpGV-M1, which was also used as a reference for the restriction fragment numbering (Crook et al., 1997) . Analysis of isolates I66 and G02 yielded restriction profiles and fragment sizes similar to CpGV-M1 (Table 1 and Supplementary Fig. S1 ), indicating that these two isolates were most similar to CpGV-M.
The isolates I07, I68 and G01 showed similar patterns to each other, which differed slightly from those of I66 and G02. Their PstI digests did not contain fragment A (28.1 kb), E (10.5 kb) or H (6.4 kb). In addition, I68 and G01 did not show bands which corresponded to PstI-G (7.7 kb) or PstI-L (1.8 kb), which are adjacent in the restriction map of CpGV-M1. Instead, there was an additional fragment of 9.5 kb, suggesting that these two fragments were fused in I68 and G01 (Table 1 and Supplementary Fig. S1a ). Another additional band of 14.5 kb was seen due to a missing restriction site, resulting in loss of fragments E and H. Two other fragments, PstI-A1 (16.6 kb) and -A2 (11.5 kb), constituted the missing PstI-A fragment, suggesting that this fragment contained an additional PstI site. In the EcoRI profile, one additional band at 23 kb occurred instead of fragments D (12.5 kb) and E (10.5 kb), suggesting a missing EcoRI site in I07, I68 and G01 (Table 1 and Supplementary Fig. S1a ). Differences in fragment lengths compared with CpGV-M1 suggested various deletions in these isolates. A major difference was seen in fragments EcoRI-C, XhoI-I and BamHI-B, which were 14.5, 2.5 and 22.1 kb in I07, I68 and G01 instead of 16.9, 4.9 and 24.5 kb, respectively, in CpGV-M1 ( 8.4 D 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.6 E 7.9 7.9 7.9 7.9 7.9 7.9 7.9 7.9 7.9 E 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.6 F 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 2 F 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 7 G 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.6 G 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6. and Supplementary Fig. S1 ). This indicated that in these isolates there was a loss of about 2.4 kb in the 54 kb area of the genome (Fig. 1) .
The isolates I12, I08 and I01 shared similar REN patterns with each other (Table 1 and Supplementary Fig. S1 ). They did not differ significantly from I66 and G02 (i.e. CpGV-M1) in their PstI, XhoI and BamHI profiles, but showed two bands of 18.1 (A1) and 10.5 (A2) kb instead of a single EcoRI-A (27.9 kb) band seen in CpGV-M1, indicating an additional EcoRI site. As the total size of these two fragments is greater than the size of the EcoRI-A fragment in the other isolates, this region is suggested to harbour an insertion of 0.7 kb. By double digestion with EcoRI and PstI, the restriction site dividing fragment A could be mapped to 19.5 kb of the CpGV map (data not shown).
A distinct submolar band of about 4.7 kb was observed in the XhoI digests of I08, I66, I68, G01 and G02 ( Supplementary Fig. S1b ). This band is an incomplete digest of an XhoI-resistant restriction site. The submolar band disappeared when digestion time or REN concentration was increased (data not shown) and had already been observed by Crook et al. (1985) . Further submolar bands were identified in different digests of I07 and I08 isolates, indicating that these isolates were mixtures of different genotypes.
The CpGV-E2 XhoI profile ( Supplementary Fig. S2 ) revealed one additional fragment at 11.2 kb; additionally, the CpGV-M1 fragments F (7.1 kb) and J (4.1 kb) are missing from this profile. As these two bands are adjacent in the CpGV-M1 restriction map (Crook et al., 1997) , it is proposed that they are fused in CpGV-E2. Fragment XhoI-I (4.7 kb) was slightly smaller than the corresponding CpGV-M1 fragment (4.9 kb), suggesting a deletion site in the area of 51.5-56.4 kb. The BamHI digest revealed that all fragments were present in CpGV-M1. Two genotypes were visible in the profile for the BamHI-J fragment; one submolar band was identical to that of CpGV-M1 (5.3 kb), the other was slightly smaller and was previously described for CpGV-E2 as a shift in a BamHI site (Crook et al., 1985) . The PstI profile showed one submolar band between fragments D (13.4 kb) and E (10.5 kb) corresponding to the CpGV-E2 genotype. Fragment PstI-E was also present as a submolar band of the same size as CpGV-M1. Fragments PstI-F and -G (8.2 and 7.7 kb in CpGV-M) were present as a double band in CpGV-E2. Fragments PstI-H and -I, present as a double band in CpGV-M (6.4 kb), were visible as two bands of 6.4 and 6.9 kb in CpGV-E2. As the size difference between the fragments PstI-F and -G and also between -H and -I is 0.5 kb and PstI-F and -I are adjacent in the genome map, it is likely that there is a shift in a PstI site. Fragments J and K, visible as a double band in CpGV-M, were present as two bands in CpGV-E2. Fragment EcoRI-A (27.9 kb) is missing. As in CpGV-I12, two additional fragments, EcoRI-A1 and -A2 that were 15.1 and 13.5 kb, respectively, were found, also suggesting a 0.7 kb insertion. As the size of the CpGV-E2 fragments EcoRI-A1 and -A2 differs from those of CpGV-I12 as well as from CpGV-I01 and -I08, but gives the same total fragment size of 28.6 kb, it is suggested that the insertions are located at slightly different positions in the two genomes.
Taken together, comparison of the restriction profiles with the map of CpGV-M1 established by Crook et al. (1985 Crook et al. ( , 1997 revealed that I66 and G02 corresponded to CpGV-M1. In contrast, I07, I68 and G01 contained an additional PstI site at about 104 kb, a missing EcoRI site at about 112 kb and a lack of about 2.4 kb resulting in a missing PstI site. Furthermore, I68 and G01 also lacked a PstI site at 46 kb (Fig. 1) . Compared with CpGV-M, the isolates I01, I08 and I12 contained an approximately 0.7 kb insertion harbouring an additional EcoRI site near 19 kb of the genome of CpGV, whereas CpGV-E2 contained an insertion of a similar size, also within EcoRI-A but at a slightly different position (Fig. 1 ). Further differences were found in a 0.2 kb deletion in the area of 51.5-56.4 kb and in a missing XhoI site.
Sequencing of major genome differences
The mapped 2.4 kb deletion in I68 and the mapped 0.7 kb insertion in I01 were chosen for PCR amplification, cloning and sequencing. CpGV-M was used as a control for determining the insertion or deletion sites (data not shown). Amplification of the genome region from 50.8 to 54.8 kb was performed for DNA from I68 using sequence-specific primers that were derived from the genome sequence of CpGV-M1. PCR fragments of 1.5 and 4.0 kb were obtained for I68 and CpGV-M, respectively. The 1.5 kb fragment was cloned and sequenced and compared with the known CpGV-M1 sequence. The total deletions in I68 compared with CpGV-M1 were 2581 bp (Fig. 2) . Several short indel mutations ranging from 1 to 133 bp could be identified between 50 766 and 51 657 bp and a major deletion of 2452 bp was found between 51 657 and 54 109 bp of the CpGV genome sequence. In CpGV-M1, this region contains four putative open reading frames (ORFs), cp63-cp66, which are apparently missing in I68 (Fig. 2) .
Several sets of oligonucleotides were designed to amplify overlapping 4 kb fragments of CpGV-M, I01 and CpGV-E2, ranging from 16 to 26 kb of the CpGV-M genome. By using PCR, an insertion of about 0.7 kb could be detected between the 18-20 kb genome position in isolate I01 and 20-22 kb in CpGV-E2. These areas were cloned and sequenced. For I01, an insertion of 687 bp was found in the intergenic region between ORFs cp23 and cp24 at nt 18 462 of CpGV-M1, while a nearly identical insertion sequence of 723 bp was found between cp27 and cp28 in CpGV-E2 ( Fig. 3 and Supplementary Fig. S3 , available in JGV Online). These insertion sequences were bordered by an inverted terminal repeat of 11 nt [59-(C/T)-CTTTAGGCGGG] as well as a duplication of the target site of 59-AAAATAAA-39 (nt 21 867-21 874 in CpGV-M1) in E2; no target site duplication was observed in I01 ( Supplementary Fig. S3 ). Inverted terminal repeats and target site duplications are typical features of transposable elements. However, the insertion sequence is not protein coding but contained numerous internal inverted repeat structures and revealed a rather symmetrical structure. Strikingly, one of these repeats had sequence similarity to putative hr repeats of CpGV, which have been recently identified as origins of replication (Hilton & Winstanley, 2007) (Supplementary Fig. S4 , available in JGV Online). Further small indel mutations of 11-28 nt were identified in the neighbourhood of the insertion site in I01 ( Fig. 3 and Supplementary Fig. S3 ). Sequencing of the corresponding region of I12 revealed an identical insertion at the same position as in I01 (data not shown). Based on the restriction mapping, the same insertion is also predicted for I08. Fig. 2 . Sequencing of the 50.8-54.8 kb area of the genome of isolate I68. The fragment was amplified by PCR and subjected to long-run sequencing using sequence-specific primers. Indel mutations are indicated by black and white triangles. At the bottom, the genome organization of I68 is compared to CpGV-M1 . Numbers indicate the nucleotide position relative to the CpGV-M1 genome sequence.
Analysis of partial sequences of polh/gran, lef-8 and lef-9
PCR amplification of the partial polh/gran, lef-8 and lef-9 genes of all isolates resulted in DNA fragments of about 460, 740 and 260 bp, respectively. Sequencing did not reveal any difference between the gene fragments of G02, I66 and CpGV-M1 (Table 2) . The isolates I01, I08 and I12 showed homogeneously two single nucleotide polymorphisms (SNPs) in the lef-8 sequence at nt 114 274 and 114 693 with two transitions (T to C) ( Table 2 ). The SNP at nt 114 274 results in a predicted amino acid change at position 506 of LEF-8 from threonine to methionine, the other SNP in lef-8 is synonymous. Compared with CpGV-M1, three SNPs could be detected in isolates I07, I68 and G02. Nucleotide 381 in the polh/gran gene showed a transition from A to G. Two more transitions from C to T were present at nt 114 267 and 114 693 in the lef-8 gene. All transitions were synonymous. No difference was found in the partial lef-9 sequence in any of the isolates (Table 2) .
CpGV-E2 differed in its polh/gran sequence from all other isolates, showing one transition from C to T at nt 246 and one transversion from A to C at nt 249. Nucleotide 381 corresponded to CpGV-M1, whereas nt 564 showed a transition to C, as observed for the isolates I07, I68 and G01. None of these changes altered the predicted amino acid sequence of the polh/gran genes. The lef-8 sequence revealed one transition at nt 114 267 from C to T, as seen in I07, I68 and G01. A transversion from A to T at nt 114 654 was unique to CpGV-E2 and resulted in an amino acid change from lysine to asparagine. The lef-9 sequence has not yet been determined for CpGV-E2.
Phylogeny and evolution of CpGV isolates
As shown in Fig. 2 , isolate I68 differs from the sequence of CpGV-M1 and I12 by four ORFs, cp63-cp66, which are not present in I68, I07 and G01. The presence of these four ORFs can also be predicted for I66, G02, E2, I01 and I08 Fig. 3 . Sequencing of the 18-20 kb area of the genome of I01 and the 21 kb area of CpGV-E2 to map the insertion site of I01. The fragments were amplified by PCR and subjected to sequencing using sequence-specific primers. Indel mutations are indicated by black and white triangles. Numbers indicate the nucleotide position relative to the CpGV-M1 genome sequence . Table 2 . SNPs detected in PCR-amplified fragments of polh/gran, lef-8 and lef-9 genes
The nucleotide positions of SNPs within the polh/gran and lef-8 genes are given and are numbered according to the nucleotide position in the published genome of CpGV-M1 , which was taken as a reference. No SNPs were detected in lef-9. 
due to the results of the REN analyses and mapping ( Supplementary Fig. S1 ). Comparison of this genome area with those of other GVs showed that I68 displayed high collinearity with the gene arrangement of other GVs, which also lack homologues to cp63-cp66 (Fig. 4) . The similar gene content in this genome area of I68 and other GVs, and the unique presence of cp63-cp66 in CpGV-M1 and the related isolates mentioned above, suggest that I68 may represent an ancestral state of CpGV genomes.
The highly conserved partial lef-8 and polh/gran gene sequences were concatenated and used for phylogenetic analyses. The homologous sequences of the most closely related CpGV neighbour, CrleGV, were included as an outgroup (Lange & Jehle, 2003; Jehle et al., 2006) . The phylogenetic tree obtained also clearly placed I68 and the related isolates I07 and G01 as basal branch of the CpGV isolates, corroborating our hypothesis that these genomes are ancestral to those of other isolates containing the ORFs cp63-cp66 (Fig. 5 ).
Biological activity of the isolates
A first comparison of the biological activity of the different isolates was performed using a single dose challenge of 2000 OBs ml
21
, which is in the range of the median lethal dose (LC 50 ) of CpGV-M.
Mortality after 7 days reached 86 % for CpGV-M. The isolates G02 and I66 induced mortalities of 55 and 25 % (Fig. 6) . The isolates G01, I68 and I07 showed only low efficacy against C. pomonella larvae, reaching maximum mortality values of 19 %. The negative mortality value for isolate G01 resulted from the control mortality being higher than mortality on the virus plate. The isolates I12, I08 and I01 showed no difference in their efficacy against neonate larvae compared to CpGV-M, inducing mortality values between 80 and 87 %.
DISCUSSION
The analysis of nine CpGV isolates obtained from different geographical regions in Iran, Georgia and the in vivocloned English isolate revealed a considerable variation in their RFLPs. However, by mapping these variations, most isolates could be attributed to genome types which were previously described using isolates from Mexico, England and Russia (Harvey & Volkman, 1983; Crook et al., 1997 Crook et al., , 1985 . Isolates I66 and G02 corresponded to CpGV-M and -M1, respectively, in their restriction profiles, restriction fragment sizes and genetic content. Isolates I07, I68 and G01 lacked a 2.58 kb genome region within EcoRI-C and showed a similar restriction profile to CpGV-R, for which a deletion of 2.4 kb at the same map position had been proposed previously (Crook et al., 1985) . The isolates I12, I08 and I07 showed similar RFLPs to the English CpGV-E isolate. CpGV-E was shown to have an additional EcoRI site and in total about 1 kb more DNA compared with CpGV-M (Crook et al., 1985) , as we also observed for CpGV-E2. However, it was found that the insertion sequence of I12, I08 and I07 was at a slightly different genome locus to that of CpGV-E2.
It is striking that related genotypes of the previously described isolates could be found in the field in the same geographical region. Thus, different CpGV RFLP types cannot be attributed to different geographical origins any more but have to be considered as putative members of a meta-population of different genotypes of CpGV. This view is corroborated by a previous finding that single genotypes were isolated from CpGV-E by in-vivo cloning, (Lange & Jehle, 2003) , Phthorimaea opercullela GV (PhopGV) (GenBank accession number NC_004062), Plutella xylostella GV (PlxyGV) (Hashimoto et al., 2000) , Xestia c-nigrum GV (XecnGV) (Hayakawa et al., 1999) , Adoxophyes orana GV (AdorGV) (Wormleaton et al., 2003) and Agrotis segetum GV (AgseGV) (NC_005839). The existence of the ORFs is predicted from REN analysis. Numbers in boxes indicate the ORF numbers in the respective genomes. The same coloured boxes indicate homologous ORFs.^^, ORFs not shown; n.p., not present. *, Isolate I68 is numbered according to the CpGV-M1 sequence.
resulting in two genotypes, E1 and E2. Whereas E1 was indistinguishable from CpGV-M, E2 had a similar restriction profile to CpGV-M, with modifications, resulting in an additional EcoRI site and about 1 kb more DNA (Crook et al., 1985) . Since all analysed isolates could be attributed to the dominant genotypes of the previously characterized isolates M, E and R, we suggest applying the letters A, B, C and D for identification of the different genome types in CpGV mixtures. According to this, the A genome type corresponds to CpGV-M as well as I66 and G02, whereas the B and C genome types correspond to I68 and G01) . For the novel isolates I01, I08 and I12, we propose that these should be classified as D type genomes.
The classification of these isolates into the four genome types A to D is mirrored by the SNPs detected in the highly conserved genes polh/gran and lef-8. As previously shown, the polh/gran, lef-8 and lef-9 genes are highly conserved among lepidopteran-specific baculoviruses and are very well suited for phylogenetic analyses (Herniou et al., 2001; Lange et al., 2004; Jehle et al., 2006) . In the partial polh/ gran gene, only one position differs between CpGV-M1 and the isolates I07, I68 and G01. Two SNPs could be detected in the lef-8 sequence in all isolates except the M type isolates. Isolates I12, I08 and I01 differ from CpGV-M1 by three nucleotide positions, resulting in one amino acid change from threonine to methionine; both of these are hydrophobic amino acids, so they probably have a similar function. CpGV-E2 polh/gran and lef-8 differ in three and two positions, respectively, from CpGV-M1. Since these SNPs are located in highly conserved genome regions, this needs further analysis and comparison, including other isolates, to define to what extent these SNPs could be useful for isolate identification or classification.
Mixtures of genotypes could be clearly identified in the isolates analysed in this study. For example, I08 is a mixture of predominant D type CpGV genomes and Fig. 5 . Minimum-evolution (ME) tree of nine CpGV isolates and CpGV-M. The analysis is based on 1032 nt derived from partial polh/gran and lef-8 sequences (Jehle et al., 2006) using CrleGV as an outgroup. Numbers at the nodes indicate bootstrap values (%) of 500 bootstrap replicates. The optimal tree with the sum of branch length50.243 is shown. Bar, evolutionary distance. The ME tree was searched using the close-neighbour-interchange algorithm at a search level of 1; the neighbour-joining algorithm was used to generate the initial tree. All positions containing gaps and missing data were eliminated from the dataset; phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) . The major genome changes [insertion of cp63-cp66 and insertion of repeat sequences in B (*) and D (**) genomes] are indicated along the tree branches. The same tree topology was obtained when maximum-parsimony analysis was performed (data not shown). Fig. 6 . Mortality induced in neonate C. pomonella larvae after 7 days of incubation at 2000 OB ml "1 with A, B and D type CpGV isolates. Data shown are means±SD of three independent replicates. *, The mortality has been set to 0 %. Mathematically, a value of "8.4 % was determined for G01 because the control mortality was higher than the mortality in the virus treatment. submolar C type genomes, as indicated by the submolar bands in EcoRI (27.9 and 14.5 kb) and XhoI (2.5 kb) digests. Also, the submolar bands (18.1, 12.5 and 10.5 kb) in the EcoRI digest of I07 (predominant C type) suggest the submolar presence of B genotypes.
Sequence comparison of the 51.6-54.1 kb region of I68 and CpGV-M1 ) revealed that I68 is missing four ORFs, cp63-cp66, which are present in M1 as well as in A, B and D type genomes. Cp63 is a homologous to the baculovirus repeat ORFs (bro) and cp66 is homologous to ptp-2, whereas cp64 and cp65 are unique to CpGV at this position. The bro genes are a multi-gene family in baculoviruses and are thought to have an important function in gene transcription and genome replication (Kang et al., 1999; Zemskov et al., 2000; Bideshi et al., 2003) . The bro gene loci have been repeatedly identified in different baculovirus genomes as sites of recombination events and genome heterogeneity (Ló pez-Ferber et al., 2003; Li et al., 2002 Li et al., , 2005 . Notably, ORF cp64 was identified as being homologous to the ORFs crle59 and phop56, suggesting that this gene is widely distributed among GVs specific to the family tortricidae (Lange & Jehle, 2003) . In the case of I68 and other C type genomes, however, cp64 is not present. Notably, CpGV-M1 has a second homologue of this gene, cp109, which was also identified in the sequence of I12 (D type genome) (K. E. Eberle & J. A. Jehle, unpublished data) . Since all known CpGV isolates do not show any RFLPs in the genome area of cp109, it is predicted that this ORF is present in all CpGVs including I68 and other C type genomes.
In comparison with other GVs, only A, B and D type CpGVs contain cp63-cp66 in their genome. The ORF organization of I68 (C type) is more similar to other GVs than those of CpGV-M1 and I12, strongly suggesting that ORFs cp63-cp66 can be considered to be recent insertions into the genomes of A, B and D type CpGVs, rather than deletions in the C type. Based on gene content, it can be hypothesized that the C type CpGV genome is phylogenetically ancestral and that the ORFs cp63-cp66 were inserted into a common ancestor of A, B and D type CpGVs (Fig. 4) . In order to prove the hypothesis of C type genomes being the most ancestral genome type, a phylogenetic analysis of the isolates was performed using the partially amplified polh/gran and lef-8 genes, which highlighted several phylogenetically informative SNPs. The concatenated nucleotide sequences of these ORFs resulted in a sequence of 1062 nt. The gene trees for polh/gran and lef-8 corroborated the ancestral status of C type genomes compared to A, B and D type genomes. The tree further proposes that CpGVs with D type genomes might be most closely related to CpGV-M and other A type CpGVs (Fig. 5) .
I01, I12, I08 and E2 contain a non-protein-coding insertion, which was previously mapped for CpGV-E. The 714 bp between the inverted repeat of CTTTAGGCGGG might be regarded as the original inserted sequence, as it is quite symmetrical in structure and is present in this form in CpGV-E2. The additional 31 bp in CpGV-E2 found 10 bp upstream of the last repeat suggest that there is a deletion in I12, because this part also contains a sequence of 8 bp, which is an inverted repeat 10 bp downstream from the first repeat sequence. The inverted repeat structure and the target site duplications indicate that the origin of this inserted sequence could derive from a transposable element. One of the sequence repeats shows some similarity to hr regions, which have been recently demonstrated to function as origins of CpGV replication (Hilton & Winstanley, 2007) . Further functional studies are under way, in order to investigate whether this area indeed contributes to genome replication and virus virulence, and if this insertion is also present at different locations in the genomes of other geographical isolates.
Infection experiments using 2000 OBs ml 21 revealed the first evidence that the isolates vary in their virulence for C. pomonella. The mortality caused by the isolates I12, I01 and I08 was significantly higher than observed with I07, I68 and G01 and corresponded to that of CpGV-M. It is obvious that isolates corresponding to the A type genome (M, G02 and I66) and the D type genome (I12, I08 and I01) are characterized by a higher virulence against first instar larvae of C. pomonella than isolates with a C type genome (G01, I68 and I07). These findings correspond to the study described by Harvey & Volkman (1983) , which showed that CpGV-R was over 70 times less virulent for first instar larvae than CpGV-M. To what extent the different genotypes contribute to the overall virulence of CpGV isolates that consist of different genotypes, as observed for some nucleopolyhedroviruses, needs further examination (Ló pez-Ferber et al., 2003; Simó n et al., 2005 Simó n et al., , 2006 ). It appears that these types exist in mixtures of different ratios, providing the specific profiles of different geographical isolates. It is conceivable that these types have slightly different biological activities and contribute to the virulence of the different isolates. Indeed, it was recently found that I12 is able to infect C. pomonella strains that were shown to be resistant to CpGV-M (Eberle et al., 2008; Asser-Kaiser et al., 2007) . Our analyses further propose an increase in virulence of type A and D CpGVs against C. pomonella, compared with the more ancestral type C seen during CpGV evolution.
In conclusion, we analysed the genomes of nine uncharacterized CpGV isolates. Some of these isolates were mixtures of genotypes; some were genetically rather homogeneous. Though these isolates revealed a considerable increase in RFLPs compared with the previously described isolates, the genotypes identified within these isolates mainly revealed the already known isolate groups CpGV-M, -E, and -R as well as a novel type. Thus, it can be concluded that the biodiversity of CpGV can be described by these four main genome types, which we propose to designate A, B, C and D.
